Abstract-A basic module for an integrated optical phase difference measurement and correction system was developed and fabricated in the AlGaAs-GaAs material system. The relative phase difference between two waveguides is measured using waveguide couplers to sample the optical field in each waveguide, a Y -junction interferometer with a small sinusoidal phase dither applied to one arm and a vertically integrated metalsemiconductor-metal detector. p+-n-n+ phase modulators are used to control the phase difference between the waveguides. This implementation makes it possible to measure and correct the relative phase difference between adjacent waveguides using only a few percent of the optical power of each guide.
I phase fronts are of interest for a number of applications.
These include the removal of phase-front distortions in imaging applications, and the generation of a flat-phase output wavefront from an array of frequency-locked lasers. The basic module of such a system for use at GaAs wavelengths was first proposed by Rediker et al. [l] . Such a system is shown in Fig. 1 , and combines both the optical components and the control electronics into a single integrated device. The input wavefront is coupled into pass-through waveguides. A small portion of that signal is coupled to an interferometer to measure the relative phase between adjacent waveguides. A feedback system calculates the appropriate correction voltages, which are applied to the phase modulators on the straight-through waveguides, and as a result an uniform output wavefront can be attained. The Y -junction interferometer technique developed by Lau et al. [ 2 ] , and used here for phase difference measurement, is similar to dither techniques used in optical fiber sensors [4] and phase-locked interferometry [ 5 ] . If a sinusoidal phase dither signal r sin w t is applied to one arm of the interferometer, the detected output power Pout is given by (1) where PI and P2 are the optical powers in the interferometer arms and Ad is the phase difference between the arms. By using a Bessel function expansion of the cosine-sine term in (l), it is straighforward to show [ 2 ] that the phase difference can be obtained from the amplitudes of the first A ( w ) and second A( 2w) harmonics of the detector signal
where J1 (I?) and J2 (I') are Bessel functions of the first kind of order one and two, respectively. This expression for the phase difference is independent of the power in the individual interferometer arms. The respective signs of the measured amplitudes A ( w ) and A(2w) can be used to uniquely determine the quadrant of the phase difference Ad. Modules fabricated for use with external detectors (control modules) as well as those fabricated with integrated MSM detectors were tested by stepping the voltage on a 2-mm long phase modulator on one of the pass-through guides and calculating the resultant phase difference between the two pass-through guides from the dithered interferometer output. Because of the GaAs substrate orientation (001) used, operation was restricted to the TE polarization required for operation of the phase modulators. The data obtained for modules with integrated detectors and modules using external detectors were in close agreement. A typical data set is shown in Fig. 4 . The modulator reverse-bias voltage Vset was stepped from 0-25 V in steps of 0.25 V. The V, voltage for these 2-mm modulators on the pass-through waveguides was -4.6 V, with breakdown voltages in excess of 40 V. This interferometer output measurement was conducted for a dither offset voltage Voffset = -5.0 V and an amplitude of 1.0 V. The integrated MSM detector was biased at Vbias = -9.0 V, and the detector signal was fed into lock-in amplifiers. The first and second dither harmonics were sent to the data acquisition computer where the phase difference was calculated using (4). The Bessel functions in (4) were calculated using the first two terms and the simple linear relationship for the amplitude of the phase dither r = rVr/VT. The device yielded the predicted linear voltage/phase relationship for the fabricated modulators. Devices were successfully operated with as little as 2% of the power in the pass-through waveguides being used for the phase measurement. Reliable phase measurements were obtained with -1 p W of optical power incident onto the MSM detectors. It is relatively straightforward, as previously demonstrated in [2], to use the output of the phase measurement to actively correct or control the phase difference in the passthrough waveguides via feedback to the phase modulators on these guides.
In summary, a monolithic implementation of a basic module for optical phase measurement and correction between two waveguides was demonstrated. All necessary guided-wave components, modulators, and photodetectors were monolithically integrated in AIGaAs-GaAs. Future work toward the implementation of an all integrated optical phase front correcting system will include the fabrication and operation of a multimodule system, as well as the development of the on-chip control electronics.
